Introduction
The relationship between heavy rainfall and anomalous tropical sea surface temperature (SST) on inter-annual scales is a well-known feature of coastal areas of southern Ecuador and northern Peru (SENP) (Horel and Cornejo Garrido, 1986; Goldberg et al., 1987; Tapley and Waylen, 1990; Takahashi, 2004 and Cadier, 2009) . Torrential rains and consequently high runoff and flooding are the result of strong positive sea surface temperature anomalies (SSTAs) along the coast of Peru and Ecuador and of an equatorward expansion of the Inter-Tropical Convergence Zone (ITCZ) over the eastern Pacific. On the other hand, a very strong and stable low level inversion traps moisture in the surface layer during cold phases (La Niña) of the El Niño Southern Oscillation phenomenon (ENSO) (Vuille et al., 2000) .
Several investigations on the spatial extension of rainfall anomalies during ENSO events have been performed (Bendix and Bendix, 1998; Rossel et al., 1999; Bendix, 2000; Bendix et al., 2003) . All studies showed that positive rainfall anomalies during ENSO mainly affect the coastal plain of Ecuador to the western slope of the Andes at altitudes < 1800 m a.s.l. (Bendix and Bendix, 2006) . However, to date in SENP this boundary remains unclear, and much still has to be done to ascertain how far towards the Andes the signal is evident. Rossel and Cadier (2009) focused on the large-scale influence of ENSO on rainfall patterns over the coastal region, inter-Andean valleys and Amazon slope in Ecuador, and identified that the boundary of the positive ENSO influence corresponds with the relief of the Andes. Vuille et al. (2000) focused on the influence on the inter-Andean valleys (> 2500 m a.s.l.). Although they have addressed the large-scale influence of ENSO, detailed basinwide assessments of the transition from the coastal plain towards the western Andean cordillera are still scarce in the literature. In SENP, ENSO influence on rainfall and floods in the Puyango-Tumbes basin was studied by Tarras-Wahlberg et al. (2006) , who found that ENSO regulates rainfall patterns on large areas of this basin, but its significance diminishes inland of the coastal plain where topography plays a role in controlling regional patterns. Accordingly, further studies are needed to truly ascertain the role of ENSO on rainfall variability into Pacific-Andean basins.
This study focuses on the Catamayo-Chira basin, a Pacific-Andean system in SENP. This basin provides an important case of study because (i) the area is comparatively understudied, (ii) the catchment is well situated and covers a large altitudinal and climatic range (from 3700 m a.s.l. to sea level, and, from humid regions of the western Andean foothills to the semi-desert coastal plains). The region posses a rather special topography characterized by various small ridges and intersecting valleys in contrast to the two distinct mountain chains observed in the Ecuadorian and Peruvian Andes. These particular characteristics define extreme spatio-temporal rainfall variability. Like other Pacific-Andean systems, the lower part (< 800 m a.s.l.) in the Catamayo-Chira basin experiences extreme precipitation during ENSO episodes (Tote et al., 2011) .
The aim of this study is to clarify the spatiotemporal relationship between rainfall variability of a Pacific-Andean basin and SSTA 1.2 indices using instrumental rainfall records from the Catamayo-Chira in SENP for the 1970-2000 period. Specifically, this study attempts to shed new light on how geographical distance from the sea and elevation may control the influence of SSTA 1.2 indices on rainfall variability.
Data and methods
Northern South America is one of the domains with a conspicuous ENSO signal in precipitation (Rossel and Cadier, 2009 ). SSTAs in block 1.2 (0-10 • S/80-90 • W) have been found to perform as the best predictor for seasonal hydrological variables; see, e.g. Rossel and Cadier (2009) for monthly rainfall, and Gelati et al. (2010) for runoff in the central coast of Ecuador. Monthly SSTs in block 1.2 were obtained from the NOAA Climate Prediction Center, (http://www.cpc.ncep. noaa.gov/data/indices/).
Monthly precipitation was provided by the "Proyecto Catamayo-Chira", a bilateral project and Coordinator Water Authority between the Ecuadorian and Peruvian Meteorological and Hydrological Services (INAMHI and SENAMHI). The dataset consists of 42 monthly records whose quality was assured by Oñate et al. (2006) within the scope of the project Twinning European and Latin-American River Basins for research (TWINLATIN). The records were homogenized for the 1970-2000 period by using double mass cumulative techniques and missing data were filled by linear regression among stations showing the highest inter-station cross correlations (> 0.7, always significant at 99 %) (Oñate et al., 2006) . From the provided dataset a subset of 24 stations ( Fig. 1) was sampled, verifying that (i) records were at least 90 % complete in the period investigated to avoid introducing bias from infilled records and they embrace the extreme ENSO events 82/83 and 97/98, and (ii) they were equally distributed in the domain of the three studied elevation ranges.
Rainfall in the Catamayo-Chira basin shows a varying distribution in the transition from the Andean foothills towards coastal plains. The unimodal distribution observed for the highlands in the southwestern Ecuadorian Andes shifts from a rainy season starting in September-October towards a rainy season starting in December in the lower part; see (Fig. 1, center) . To account for the noise in records associated with individual months and to capture patterns of variability within different seasons, 3-month sums were considered with the onset of the hydrological year set at September. The seasons are September-November (SON), December-February (DJF), March-May (MAM), June-August (JJA). Hence, the analysis was performed separately for each altitudinal range and for the 3-month periods.
In the first elevation range, rainfall fields exhibit similar patterns with well differentiated wet (DJF-MAM) and dry (SON-JJA) seasons. Here, the ENSO signal is evident as short duration/high intensity storms over the coastal plain up to ∼ 250 m a.s.l. within the wet season. In the middle and upper subsets, rainfall patterns are substantially different basinwide and the grouping in similar patterns is not straightforward. Above 510 m a.s.l., precipitation variability in the central and eastern basin is progressively influenced by orography and the topographical setting of the landscape. For instance, the records (> 1900 m a.s.l.) show a well-distributed, year-round precipitation. In those records the ENSO influence is less evident; it mostly appears as a persistent process leading to an enhancement of the wet season. Due to the noise added by the complex climatological influences driving precipitation occurrence, its signal becomes hidden and its detection more evasive.
Hereafter, we define ENSO events as those proposed by Rossel and Cadier (2009) In this study, the first analysis criterion involves a principal component analysis (PCA) (Wilks, 2006) of seasonal rainfall and correlations of the resultant PCs factor scores series with seasonal (DJF-MAM-JJA-SON) SSTA 1.2 indices. The PCA was conducted in order to spot the dominant spatiotemporal modes of rainfall variability in each elevation range. The analysis was performed separately for each elevation range and for the 3-month periods -DJF, MAM, JJA, and SONbased on the interstation correlation matrix of the precipitation data. To determine the number of principal components (PCs) that contain a nonrandom signal, the tests proposed by North et al. (1982) and Overland and Preisendorfer (1982) were applied. To quantify the degree of monotonic association between the identified patterns, the Kendall's tau (τ ) correlation (Kendall, 1938) was computed and tested by significance between the resulting PCs time series (factor scores) and seasonal SSTA 1.2 indices. Next, the PCs retained were Varimax-rotated (VPCs) (Wilks, 2006) to allow further analysis of only the dominant modes. Their resultant VPCs loadings were plotted on station grid maps in order to spot stations/regions that might correspond with SSTA 1.2 indices influence at each elevation range.
The second approach was built on the basis of correlation analysis. To measure the sign and strength of linear association between seasonal (DJF, MAM, JJA, SON) station precipitation and time-lagged SSTA 1.2 indices, Pearson correlations (r) were computed and tested by significance by applying the Student's t-test. As the seasonal station precipitation and time-lagged SSTA 1.2 indices exhibit varying asymmetric distributions, variables were normalized by applying a log transformation. To account for the lag between oceanic forcing and continental precipitation response, the initial month of the corresponding season was considered (e.g. DJF precipitation was correlated with December SSTA 1.2 indices). Similar studies in the region, e.g. Vuille et al. (2000) , have also assumed the initial month of the season as the time lag between both variables. To account for serial correlation that might lead to an erroneous statistical significance in the computation of correlations, the "effective" sample size (see Zwiers and von Storch, 1995) was considered in the t-test. Correlations > 0.4, statistical significant at 5 % level, were plotted on r-correlation plots and their coherency compared with the VPCs spatial loading maps derived from the first criterion.
To investigate in detail the spatiotemporal patterns detected with the former criteria, we analyze on a seasonal basis the middle and upper subsets that contain series suspected to be affected by ENSO non-stationarities, and also independent records (not included in the former analysis) with a statistical approach based on quantile anomalies. The approach is particular suitable for rainfall records where the ENSO signal is hidden by noise because it filters out information on the statistical frequency properties of the variable under study, which may lead to more clear teleconnection results (Ntegeka and Willems, 2008) . The method allows investigation of temporal variability of the rainfall quantile anomalies by pre-selecting blocks of interest. In this study, 2-, 4-and 8-yr blocks were considered to relate rainfall anomalies with positive SSTA 1.2 indices, which in the examined period show a varying cycle ranging 2-8 yr. The approach involves sampling on seasonal basis (DJF-MAM-JJA-SON) empirical quantiles within different moving sliding blocks (2-, 4-, 8-yr), followed by calculation of the quantile anomalies (also called perturbation factors) as the ratio between the quantiles in the sliding blocks over the same quantiles based on the full available period . These perturbations represent the changes with respect to the long-term historical data. Then, the mean quantile anomaly (a single perturbation factor per block) is computed as the average of all perturbation factors above a particular threshold, which for this study is taken as 0.1 exceedance probability. This means that the single perturbation can be seen as a quantile perturbation for extreme rainfall conditions. The single perturbation factor represents the anomalies in quantiles and is centered on each block and then plotted on annual basis to evaluate its temporal evolution. The result of the perturbation analysis is a percentage change of seasonal rainfall quantiles. The seasonal long-term climatological reference is zero and represents the expected rainfall for the studied year-block. Hence, the method allows detection of inter-annual oscillations in extreme quantiles; for a comprehensive and a more detailed description of the methodology see Ntegeka and Willems (2008) and Mora and Willems (2011) .
The moving window procedure causes dependency among the calculated anomalies (over the studied periods) but allows easier visual interpretation of the temporal variations in these anomalies. To quantify the degree of association between the seasonal quantile anomalies and seasonal (DJF, MAM, JJA, SON) SSTA 1.2 indices, again Kendall's tau (τ ) correlations (Kendall, 1938) were computed and tested by statistical significance.
Results
The seasonal PCA and the Kendall's tau (τ ) correlation test statistics are summarized in Table 1 . The station grid maps of VPCs loadings, together with the Pearson r-correlation plots of seasonal precipitation and one-month lagged SSTA 1.2 indices, are presented in Figs. 2 and 3 . The normalized PCs factor scores series, jointly with seasonal SSTA 1.2 indices, are shown in Fig. 4 . The Kendall's tau (τ ) correlation test statistics for the association between the precipitation quantile anomaly and SSTA 1.2 indices (in four stations) are summarized in Table 2 . Only the seasonal PCs that show coherent spatiotemporal patterns after the multi-criteria check are discussed on a seasonal basis for each elevation range.
Lower basin
DJF and MAM emerge as the seasons with clear ENSO signal in rainfall. Their PC1s explain 81 and 83 % of the rainfall variability (Table 1) and τ = 0.22 and 0.53, respectively. Particularly interesting is MAM PC1 score because of the close matching with SSTA 1.2 indices (Fig. 4b ). This suggests a quasi-synchronized anomalous rainfall response to oceanic forcing in MAM. This response is consistent in magnitude and timing in all ENSO events. The strong ENSO signal in MAM can be partially explained by the fact that SSTA 1.2 indices often peak around MAM and the wet season reach its peak in March as well. In DJF the matching in timing and magnitude is restricted to the strongest ENSO events (97/98, 82/83 and 72/73) (Fig. 4a) . On the other hand, in Fig. 2a, b , the r-correlation plots show a larger spatial influence of SSTA 1.2 indices in MAM than in DJF. In the same figure panels the Varimax-rotated DJF VPC1 and MAM VPC1 differentiate two zones, with the high loadings found on the upper stations. These two zones correspond with (i) the discrete, intense and localized storms prevailing in the arid low lands, and (ii) the larger rainfall spatial distribution observed on the slopes of the Andes ridges (upper stations in the lower basin). The mechanism generating such differences in convective systems has been identified as the sea breeze (Horel and Cornejo-Garrido, 1986; Goldberg et al., 1987; Bendix and Bendix, 1998; Takahashi, 2004) in the neighbouring Piura basin, which is a local circulation driven by the differential heating of the land and sea by the Sun. In the Piura region (which embraces the lower part of the Catamayo-Chira basin), onshore flow may force air over the slopes of the mountains, which are approximately 130 km inland, and the associated lifting may trigger convection (Takahashi et al., 2004) . This mechanism could explain the two varying spatial patterns depicted by both DJF VPC1 and MAM VPC1 in Fig. 2a, b .
In JJA the PC1 explains 78 % of the rainfall variability (τ = 0.22, at 5 % statistical significance level). The JJA PC1 score (not shown) describes a synchronized rainfall anomaly in ENSO-82/83 and a less evident one in ENSO-97/98. Since JJA represents transition to the dry season, precipitation can still be substantial in June, especially in ENSO years. In Fig. 2c the r-correlation plot portrays a homogenous weak SSTA 1.2 indices spatial influence. The JJA VPC1 loadings define the same zones described for DJF and MAM. This denotes the marked differences between rainfall regimes between the upper/lower stations. However, on the whole the ENSO signal appears diminished.
In SON, two PCs emerge as containing nonrandom information. The temporal evolution of SON PC1 score (not shown) denotes an ENSO-like influence, but τ is the lowest in the region and not statistically significant at 5 % level (Table 1) . After rotation of the SON VPC1, the same two groups are revealed (Fig. 2d) but the spatial coherency in the r-correlations plot is poor. We conclude that in the lower basin the differences in rainfall regimen (upper/lower stations) are evident in all seasons, and the ENSO influence is 
Middle basin
In DJF, two modes explain 72 % of the rainfall variability. None of them yields τ statistically significant at the 5 %.
In Fig. 3a , the DJF VPC2 loadings and the r-correlation plot (Fig. 3a) 1.2 indices influence that follows the southeastern Andes escarpments. MAM reveals the strongest ENSO signal in the middle basin. The PC1 captures 47 % of the variance and τ = 0.39 (statistically significant at 5 % level) is the highest among all seasons. The MAM PC1 score shows positive rainfall anomalies to correspond with SSTA 1.2 indices in all ENSO events (Fig. 4c) . In Fig. 3b the MAM VPC1 loadings are scattered basin-wide. The same holds in the r-correlation plot, making it difficult to discriminate clusters except for in the southeastern basin. This recurrent intra-seasonal pattern observed in the south-central basin (Paraje Grande, 555 m a.s.l. and Sausal de Culucan, 980 m a.s.l.) is connected to that observed by Goldberg et al. (1987) ,400 km south in the neighboring basin of Piura. They found for ENSO 82/83 that the nearby region of Chulucanas (5.10 • S-80.17 • W, 95 m a.s.l.) appeared to be a focal point for the initiation of localized storms of high intensity which then disperse over wider areas in the region. The region proposed by Goldberg et al. (1987) ∼ 1300 m a.s.l. following the relief of the northeastern Andean ridges and reaching the inner-most valleys (i.e. Catamayo, ∼ 1250 m a.s.l.). Such valleys are in proximity to the "Nudo de Loja", which is described by Rollenbeck et al. (2011) as a zone of extreme rainfall variability due to the convergence and mixture of climatological influences (Pacific and Amazonic), and considered to be both part of the great continental divide and the gateway that channels air masses crossing the Andes. This would explain the progressive altitudinal dissipation of the ENSO signal, even in its peak season (MAM), which is observed in the Catamayo region at 1250 m a.s.l. but not at higher altitudes (Fig. 3d) .
In JJA a weak SSTA 1.2 indices influence could be found in the PC2, which explains 16 % of the total variance (τ = 0.21, at 5 % statistial significance level). The JJA VPC2 loadings look scattered in the studied domain. High values coincide with the r-correlation plot (not shown) only in the southcentral basin (Paraje Grande, 555 m a.s.l.). So it might be argued that, analogous to what is observed in the lower basin, the ENSO intra-seasonal influence prevailing in MAM seems to extend dimly to JJA. In SON the PC1 explain a substantial 52 % of the rainfall variability, whereas τ is not significant at 5 % level. The SON VPC1 loadings are dispersed, resembling those observed in JJA. However, neither comparison with r-correlation plots (not shown) nor inspection of the temporal evolution of the SON-PC1 score series suggests SSTA 1.2 indices influence.
Upper basin
Two PCs explain 70 % of the rainfall variability in DJF. The PC2 explains 12 % of the total variance, but, τ is not significant at 5 % level. The temporal evolution of DJF PC2 score (not shown) does not provide links between oceanic forcing and anomalous precipitation. In Fig. 3c the DJF VPC2 loadings show a north-south gradient that illustrates the regional differences in DJF precipitation, which is wetter in the northern basin. The r-correlation confirms the nearly inexistent ENSO influence.
In MAM the inspection of the MAM PC1 score series (Fig. 4d) , which explains 59 % of the rainfall variability (τ = 0.30, at the 5 % level), suggests still an ENSO-like pattern. The same north-south precipitation gradient is defined by MAM VPC1 loadings (Fig. 3d) . The r-correlation plot defines a focus of influence on Ayabaca (∼ 2700 m a.s.l.) linked with that described in the middle southeastern basin. This recurrent pattern was assessed in the surroundings of Ayabaca (Pacaypamba, Sicchez and Frias; see locations in Fig. 3d ) by using the quantile perturbation approach. In this region, rainfall records show persistent processes during ENSO episodes leading to wetter years with an earlier onset and a later diminish of the wet season; see, e.g. Fig. 5a , which shows the persistence (non-stationarities) induced in the monthly precipitation in Ayabaca (∼ 2700 m) during positive SSTA 1.2 indices. The analysis of the temporal evolution of quantile anomalies is presented in Fig. 5b for Sicchez (1400) and Frias (1700), and in Fig. 5c for Pacaypamba (1960) and Ayabaca (2700 m a.s.l.). They reveal the ENSO influence on the 2-yr rainfall variability for the MAM season. Figure 5b and c illustrate how, in a large altitudinal range confined to the southeastern basin, the departures of the seasonal rainfall quantiles from the 30-yr climatological reference (anomalies) are associated with their paired seasonal SSTA 1.2 indices during MAM when a 2-yr period is considered. Similar results (not shown) were obtained for the 4-and 8-yr analysis, depicting the same degree of association. The Kendall's tau statistics for the 2-yr analysis (Table 2 ) support the strength of such a relation.
In JJA, the leading PC1 explains 48 % of the variability but τ is not statistical significant at 5 % level. The JJA VPC1 yields loadings scattered basin-wide. None of the remaining criteria provided evidence of SSTA 1.2 indices influence within this season.
In SON, the PC1 explains a substantial 55 % of the total variance and τ = 0.30 (p-Value = 0.06), almost reaching statistical significance level. Its SON PC1 score (not shown) depicts a weak consistence with ENSO only in the 82/83 and 97/98 events. In the r-correlation plot, some spots that suggest oceanic forcing are found again in Ayabaca and to a lesser degree over the central and northern Andean ridges (not shown). This is explained by the north-south precipitation gradient, which shows that southern stations better resemble the SSTA 1.2 indices cycle. However, on the whole the ENSO influence is found to be rather weak.
Summary and conclusions
Detection of the influence of SSTA 1.2 indices in instrumental records over the western Andean-Pacific basin is not trivial from the physical as well as from the data analysis point of view. Through a multi-criteria data analysis, we investigated the main seasonal spatiotemporal modes of rainfall variability in the Catamayo-Chira basin. As a result, several regions and seasons of ENSO influence emerged.
In the lower basin (4 • 15 -5 • S/80-81 • W), the ENSO signal is consistently found in the rainfall records within the wet season DJF-MAM up to ∼ 500 m a.s.l. The period MAM shows the strongest monotonic association with SSTA 1.2 indices within 1970-2000. For the dry season the influence is weak in JJA and nearly insignificant in SON; only the exceptional anomalies 82/83 and 97/98 in JJA and 82/83 in SON could be associated with anomalous rainfall. The pattern observed within MAM suggests a link between continental meteorological response and near ocean-atmosphere dynamics operating entirely during the examined timespan. For the differences in the spatial influence of ENSO, in the lower basin, a mechanism linked with a local circulation (sea breeze) and its interaction with the gentle mountain slopes is argued to create the conditions for the observed phenomena.
One of the most significant results of this study came out in the transition from the lower basin (∼ 510 m a.s.l.) towards the humid Andean foothills, where two patterns of variability associated with SSTA 1.2 indices were found. In the northeastern part of the basin (4-4 • 30 S/79 • 15 -80 • W), it is observed that SSTA 1.2 indices, depending on their magnitude, can reach the innermost valleys (∼ 1300 m a.s.l.) following the Andean ridges relief, but they gradually dissipate with elevation, landscape setting and its interaction with other climatological processes. Conversely, in the southeastern basin (4 • 30 -5 • S/79 • 15 -80 • W) a region of homogeneous variability linked with SSTA 1.2 indices was found in a large altitudinal range (∼ 555-2700 m a.s.l.). The latter is in line with what was observed by Goldberg et al. (1987) for the ENSO event 82/83 anomaly; however, our analyses add evidence of oceanic forcing within other anomalous episodes during the examined period.
While the complex geo-morphological features of the western Andes ridges pose a challenge to ascertain the influence of the ocean-atmospheric forcing in the Andean-Pacific watershed of southern Ecuador/northern Peru. We provide some proof that elevation of the western Andes cordillera and the shape of its branches might have an imposing effect on this influence at hydrological unit scale. The naturally shaped valleys can act as channels capturing moisture and enhancing the complex dynamics of orographic precipitation or they can modulate and dissipate the atmospheric circulation during episodes of SSTAs. Physical based research is required to understand the complex mechanisms operating behind these phenomena.
